Introduction
The laser Doppler technique was first used for studies of blood flow in single vessels of living animals by Riva et at.' in 1972 , who recorded a Doppler shift in the backscattered light when the laser beam was focused on a retinal vessel. Three years later, Stern? presented what is now a classic paper, in which the frequency broadening of light backscattered from the skin was interpreted as that produced by the Doppler shifts which occur when the individual photons interact with the moving blood cells. This phenomenon was utilized by Holloway and Watkins;' who in 1977 presented the first fibre-optics-based portable laser Doppler perfusion monitor. In the beginning of the 1980s Bonner and Nossal" and Nilsson et at. s described how to process the Doppler signal in order to attain an instrument output signal that scales linearly with tissue perfusion, defined as the product of the average speed and concentration of moving blood cells within the scattering volume. Laser Doppler perfusion monitors then became commercially available and successively found a widespread use in experimental medicine as well as in clinical practice.
The popularity of laser Doppler perfusion © Edward Arnold 1995 monitoring can mainly be attributed to the fact that it is very easy to use even in bedside situations. The interpretation of the output signal, however, assumes a thorough understanding of the function of the microcirculation in normal and pathological situations. The present article attempts to give an overview of the possibilities of limitations of laser Doppler perfusion monitoring in clinical practice and to give some hints on how to overcome common pitfalls with this versatile technology.
Operating principle
In the laser Doppler perfusion monitor the monochromatic laser light is guided from the laser to the tissue by an optical fibre. The light migrates into the tissue to a certain depth which is dependent on the optical properties of the tissue. When the individual photons are scattered in moving objects such as blood cells, a Doppler shift occurs, the magnitude of which depends on the velocity of the moving object. A fraction of the backscattered light is picked up by one or more optical fibres and brought to impinge on the surface of a sensitive photodetector. The Doppler frequencies generated by the moving objects are processed in such a way that an output signal that scales linearly with tissue perfusion is generated. This output signal is sensitive to changes in both the average speed and the number of moving blood cells within the scattering volume. Eventually the instantaneous tissue perfusion value is displayed on a meter or a digital display, fed to a pen recorder or transferred to a computer for further analysis and storage. The compact size of the laser Doppler perfusion monitor allows bedside monitoring of tissue perfusion without interference with normal care routines.
In controlled fluid model experiments-a it has been shown that the laser Doppler perfusion monitor output signal scales linearly with the product of blood cell speed and concentration in the low and intermediate concentration range corresponding to the situation in most tissues. For a higher blood cell concentration the effect of multiple scattering in many moving scatterers with successive Doppler shifts can no longer be neglected, and the laser Doppler monitor tends to underestimate the true perfusion.
Factors influencing the output signal of the Doppler perfusion monitor

Influence of movement artefacts
One limitation of laser Doppler perfusion monitoring is that it is sensitive to all kinds of movements, Swinging the fibre lines gives rise to output signals related to the fibre movement and not to the tissue perfusion. Similarly, gross tissue movements, such as muscular contraction, are picked up by the detector and cannot easily be separated from the blood flow related portion of the signal. Consequently, applications of the laser Doppler perfusion monitor are restricted to studies of tissues at rest. .
The influence especially of fibre movement artefacts can be reduced by using probes based on small diameter graded index glass fibres. The movement artefact can also be limited by applying a physical contact between the fibre endings and the tissue. Application of even the slightest pressure at the probe-tissue interface may, however, cause a reduction of the microvascular flow. The best results are generally obtained using a probe holder that is attached to the tissue by doubleadhesive tape. During measurement the probe should be fully inserted into this probe holder. Further reduction of movement artefacts can be attained by attaching the fibre line to the skin with adhesive tape.
Biological zero
A well-known phenomenon experienced by all users of laser Doppler perfusion monitoring is that the output signal does not reach the zero level during, for example, occlusion of the arterial inflow to the region. Although the flow of blood cells through the scattering volume is arrested by this procedure, the entrapped blood cells still possess a residual movement giving rise to small but significant Doppler shifts. In addition, other moving constituents of the living tissue, such as vessel wall activity," hair follicles and sweat gland production, may all contribute to the laser Doppler perfusion monitor output signal. This nonflow-related part of the signal is referred to as the biological zero (BZ).
Particularly in ischaemic skin tissue, the BZ value has been shown to constitute a significant portion of the total perfusion value. In this tissue the observed values have also been demonstrated to be related to temperature? and to the presence of an inflammatory process,s both of which are dependent on the more fundamental parameter blood cell concentration. The issue as to whether the BZ value should be subtracted or not from skin recordings has not yet been resolved. It can be argued that, since the flow of blood cells through the scattering volume is obviously zero at occlusion, the BZ should be used as the true zero level. On the other hand, it can be argued that redistribution and residual movement of blood cells entrapped in an occluded network do not occur in the normal situation and should therefore not be subtracted. Before a definite recommendation is given as to whether or not the BZ should be subtracted from the signal, more research is required. The ultimate solution of this issue also relates to the definition of perfusion (average speed of blood cells multiplied by concentration). However, there is general agreement that the BZ value should be measured and registered whenever possible. Most clinical data from the skin tissue now indicates that the BZ value should be regarded as the true zero value.
Sampling and measuring depth
Another frequently discussed issue in laser Doppler perfusion monitoring is that of the sampling and measuring depth. The diffusive light scattering in tissue implies that the sensitivity decays approximately exponentially with depth in tissue if surface probes are used. The exact median sampling depth is dependent both on the optical properties of the tissue and on the configuration of the probe. If the transmitting and the receiving fibres are widely separated, the median sampling depth tends to deepen. For a standard probe (120 J-tm diameter fibres with a centre-to-centre separation of 250 J-tm) the theoretical median sampling depth in skin, brain and liver tissue has been calculated to be 150, 540 and 100 J-tm using the Monte Carlo simulation technique" for the wavelength 632.8 nm.
The variations in sampling depth, and thereby scattering volume, from one tissue to another make comparison of perfusion in tissues with different optical properties difficult. This implies that the perfusion as measured by laser Doppler perfusion monitoring cannot be expressed in absolute units (ml per 100 g per min), although a linear response should be expected for most tissues. Furthermore, the measuring depth, i.e. the depth from which the bulk of the Doppler signal originates, is dependent on the architecture of the microvascular bed and can generally therefore not be assessed with accuracy. In addition, the number of moving particles at different depths will influence the measuring depth ( Figure  1) .
The measuring depth has been studied in vivo in isolated segments of feline small intestine. III The insertion of a layer of unperfused intestine of average thickness 2.4 mm between the probe and the perfused bowel wall reduced the output signal from the monitor to 42% of the initial value when a probe with 700 lim diameter fibres was used. No signal was obtained through the tissue layer using probes with 120 J-tm fibre diameter and 250 J-tm fibre spacing. It is thus possible to modulate the measurement depth to some extent by using fibres of different diameters and spacing.
The issue of sampling depth is particularly important in skin measurements. Even though the sensitivity to the perfusion is highest in the more superficial capillaries (nutritional flow), the deeper vascular layers of the skin contain larger Figure 1 The sampling volume varies with several tissue factors, especially in the skin where the blood flow can change by a factor of 100 from one situation to another. A-V refers to arteriovenous anastomoses. prevalent in certain acral skin areas. vessels which implies higher blood cell concentration and velocity. In the skin it has been shown that on the finger skin web the laser Doppler signal may increase by up to 40% if a mirror is placed on the opposite side of the probe'! ( Figure 2 ). This clearly shows that a varying part of the total signal may be generated by blood flow in skin tissue at least a few millimetres down. Thus the recorded laser Doppler perfusion signal mainly reflects the global perfusion of the skin, of which the nutritional flow generally constitutes a very minute part. Consequently, with the probes currently in use the method cannot be used for evaluating skin capillary circulation.
Spatial heterogeneity in tissue perfusion
The high spatial resolution of laser Doppler perfusion monitoring also constitutes one of its most severe limitations. The spatial heterogeneity of perfusion observed in the skin and other tissues results in poor reproducibility when the probe is moved to adjacent sites.P In clinical practice laser Doppler perfusion monitoring is therefore best used in well-defined stimulusresponse experiments with the probe in a fixed position, allowing studies of the dynamics of the microcirculation. Given the heterogeneity in the skin microvasculature, the result of a stimulus -response experiment may, however, also be dependent on the exact position of the probe. To reduce the practical problem with the high spatial resolution, integrating probes have been constructed.P These probes contain a number of transmitting and receiving fibre pairs and the instrument integrates the perfusion recorded simultaneously from many measurement sites.
Using biopsy specimens, Braverman and Schechner'" demonstrated that the sitedependent perfusion values recorded with a laser Doppler perfusion imager coincide well with the anatomical architecture of the underlying microvascular network. In a recent study the spatial heterogeneity in skin perfusion has been further demonstrated by Wardell et 01., 15 who used a laser Doppler perfusion imager to create two-dimensional flow maps of the perfusion. In their study it was further demonstrated that large day-to-day variations in skin blood flow can be anticipated, but that the relative magnitude of the perfusion values at different sites is consistent. 16 Similar findings have been reported by Shepherd et 01.,17 who compared the local surface readings on the liver with total hepatic blood flow. They found that locally recorded surface perfusion was linearly related to total flow at most sites, but that the slope between the two parameters varied widely depending on the position of the laser Doppler probe.
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0·40% signa l increase MIRROR Figure 2 The measuring depth in the skin is debatable. By placing a mirror on the opposite side of the probe in the finger web, the signalmay increase by up to 40%, indicatingthat part of the laserDopplersignalmay be generated by blood flow in microvesselslocatedseveral millimetres deep in the skin.
The natural spatial variation in tissue perfusion suggests that many of the aspects of tissue microvascular perfusion can be better studied by means of flow-mapping than by single point measurements.
Conclusion
Laser Doppler perfusion monitoring is a versatile method for studies of microvascular perfusion in various applications. In spite of the fact that there are still many issues related to this technology that need to be further clarified, the advantages over competing technologies are numerous. Laser Doppler perfusion monitoring allows for continuous recording of the instantaneous perfusion and can easily follow rapid changes in the microcirculation. The noninvasive nature of the technique guarantees a minimal influence on, and interaction with, the minute perfusion in the smallest vessels, which is known to be very sensitive to various stimuli and disturbances. Since no injection of dyes or tracers is needed the method is also safe.
The high spatial resolution is often seen as a disadvantage in practical situations, since the tissue perfusion in the skin and other organs is known to possess various degrees of spatial heterogeneity. To overcome this drawback, integrated probes have been designed, and more recently the laser Doppler perfusion imager has been developed which offers two-dimensional flow-mapping over a specified tissue area.
